Low frequency inter-area oscillations are of major concern for large power utilities where power is required to be transmitted from one geographical area to another over long transmission lines. These oscillations may lead to instability and even cascade failure if the oscillations are not damped out quickly. This paper deals with the design of wide-area control for damping inter-area oscillations using wide-area signals. The phasor measurement technology (PMUs) used in modern power system facilitates the availability of such wide-area signals. It is shown that such wide-area damping controllers are indeed able to damp inter-area oscillations more efficiently than local controllers.
Introduction
The complexity and largeness of modern interconnected power system networks combined with limitations in realtime communication introduce several issues that are required to be analyzed and thereby addressed. Moreover, the ever changing operating conditions of power system contribute to the need for Wide-Area Monitoring and Control (WAMC) concepts [1] .
The major advantage of WAMC over conventional Supervisory Control and Data Acquisition or Energy Management Systems (SCADA/EMS) is that the data update rate is comparatively faster and time-synchronized. The data of more buses can be utilized to generate monitoring and initiating control action. This requires the use of Phasor Measurement Units (PMUs) for processing, communicating, storing and providing global data with their measurement time-stamps. For optimizing costs of such monitoring and control devices one might optimize the number of PMUs required to be installed to get complete observability of the whole system or possibly a larger set of critical buses and particularly interconnections among areas or subgroups of generation units compared to those possible through SCADA/EMS [2] . Such PMUs are installed for monitoring of the system [3] , the use of the same for real-time control applications are also interesting and, in fact, promising [4] .
Although PMUs have been in use in several developed countries in the last decade, they are mostly limited to monitoring and offline analysis purposes. Using them for online (real-time) automatic protection, stability and voltage control are a relatively new area of investigation.
Electromechanical oscillations of the type inter-area oscillations in which a group of generators in one area oscillates against another group of generators in other area, have wider effect on the stability of the system [5] . Such oscillations involve the whole system and can limit the power transfer capability of the overall system.
Conventionally Power System Stabilizers (PSS) with input from local signals are used for oscillation damping improvement in power systems [6] . However, the damping of inter-area oscillations using PSSs with only local input signals are not effective. If wide-area signals, i.e., signals from other areas are used as input signals to the controller then the inter-area oscillations appear observable in the output and damping control may be generated using suitable controller. Such a control scheme employs wide-area signals and the corresponding PSS may be called Wide-area PSS (WPSS). The work carried out in [7] pioneered the research on inter-area oscillation damping using such wide-area signals [7] .
There are several other approaches that have been used for designing WPSS for wide-area signal based controller design [7] - [14] . A Linear Matrix Inequality (LMI) based H controller has been designed in [8] . Hierarchical controller design approach has been proposed in [9] to facilitate decentralized control for damping inter-area oscillations in Hydro-Quebec system. An LQG/LTR based strategy was used in [10] where a centralized control was employed to damp inter-area oscillations in a 5-area power system. Design of mixed H /H based controller that also ensures desired damping criterion has been investigated in [11] and the effectiveness of the design was demonstrated by considering a 39-bus 10-machines New England system. Studies on the effectiveness of wide-area based damping controller for Nordic power system has been reported in [12] . A comparative assessment of conventional model based damping controllers and an indirect controller has been made therein. A centralized control design of a Brazilian power system has been considered in [13] . Similar to [10] , reduced order models of the open-loop system as well as the time-delay have been considered for the controller design in [13] . It is shown therein that such centralized control is more robust with respect to changes in network connections in the power system. Besides the above designs based on linear model of the systems, there have been attempts to design controllers by using feedback linearization technique [14] . An inner loop control has been designed in [14] such that the closedloop systems behave as linear systems and another outer control loop is then designed for damping control.
In this paper, WPSS design of a two-area system is studied. The inter-area as well as local oscillatory modes are identified. Then an appropriate wide-area signal is chosen using geometric approach for choosing significant control loops. This wide-area signal is then used for the WPSS. It is observed that obtaining a reduced order model of appropriate order is important for such controller design. The full order system model is 40 th order, which was reduced to an 8 th order one by using Schur based model reduction technique. We then employ the mixed / controller design methodology, with regional pole placement specifications, to design a widearea controller of 12 th order. This controller was finally reduced to 5 th order for easy implementation and analysis. It is shown using eigenvalue analysis that the WPSS improves the damping of the inter-area mode.
The Power System Model
Power systems have nonlinear characteristics and hence the system's models are of nonlinear in nature. However, for the small-signal stability analysis of such nonlinear systems, the nonlinear equations can be linearized around an operating point. This allows the use of linear controller design techniques.
A linear power system model can be described as:
(1) y t Cx t (2) where is the state vector, and are the input and output vectors respectively. The matrices , , are of appropriate dimensions.
For wide area control of power system, the dynamic model of synchronous generators along with other components of dynamic devices and the power network are obtained. The state consists of the states of all the dynamic devices present in the system. For an interconnected power system with a weak tie-line connection among different geographical areas, inter-area modes in the low frequency range of 0.1-0.8 Hz arise.
The system considered in this paper is the two-area power system model as shown in Fig. 1 [6] . This system consists of four generators, two in each area, connected via a weak transmission line. Each of the generators is equipped with a local PSS. The plant data along with the local PSS parameters are given in [6] .
The generators of the system have been modeled using a 6 th order differential equations, the Automatic Voltage Regulator (AVR) associated with each generator has been modeled using 1 st order differential equations. The local PSS models are of 3 rd order including the washout filter. This gives a total order of 40 differential equations for the overall system. The linearized 40 th order system model was obtained using Power System Toolbox (PST 3.0) [20, 15] .
The low frequency oscillatory modes of the system are shown in Table 1 . The mode shapes corresponding to the generator rotor angle are also shown in the Table. The first mode is the inter-area mode while the other two modes are the local modes. It can be seen that the damping of the inter-area mode is poor in absence of any wide-area control. 
The system under study
In absence of an infinite bus in the system, the model obtained above has two poles at the origin [6, 15] . These poles are removed by using the angle and speed of G as the reference for the other generators [6] . The model thus becomes of 38 th order without such poles at origin. Then, to improve the damping of the inter-area mode ( ), we consider wide-area controller design for this system.
3.
/ ased Robust Optimal Control
Since a conventional power system is often subjected to uncertainties and network changes, it is desired to design robust controllers that can tolerate prescribed uncertainties in the model while guaranteeing performance. WPSS design in this paper is addressed using such robust control design methodologies. In this section, we briefly present an overview of mixed sensitivity based robust controller design used in this paper.
For the present wide-area control purpose, the control configuration may be represented as shown in Fig. 2 , where represents the linearized power system, is the wide-area feedback controller, is the output and is the input to the system. The output may be chosen as power in the tie-line, speed/angle difference between two generators from each area [11] such that the inter-area oscillation can be observed in the output measurement. However, speed difference is considered in the present study. The signal represents disturbance input to the output or the system and represents noise in the output measurement.
The output of the plant may be written as:
where G is the overall power system model and K is the WPSS transfer function. Similarly the input to the plant is 1 1 (4) Further, for convenience, let us define
is called the sensitivity function and represents a measure of relative change in the closed loop transfer function ( ) to relative change in the plant model [16] . On the other hand, is called complementary sensitivity function since 1 . Also, it can be seen from (3) that is the transfer function from disturbance input to plant output y.
Designing robust controllers requires that the controller is designed in such a way that the effects of disturbance and noise in the output are minimised. For disturbance rejection, one may require that be small, but for noise reduction, is also to be minimized. This is multi-objective problem and, in general, such problems are solved by defining a single objective by summing them together. Moreover, trade-off exists to achieve the both since 1. Considering ∞ performance in the sense that ∞ norm of the functions is to be minimized, one defines the controller design problem as:
where . ∞ represents ∞ norm of the respective function.
In general, the disturbance (due to model uncertainties) is of low frequency whereas the noise is of high frequency in nature. From this viewpoint, one may consider a weighted sensitivity minimization of the above problem so that disturbance rejection is achieved at low frequencies, while noise reduction is achieved at higher frequencies [16] [17] [18] .
To this end, in addition to the above objectives, it is beneficial if the control input can also be constrained in the design so that actuator saturation does not arise and less control effort is used. Including this as another objective criterion, a weighted term is introduced so that the multi-objective mixed sensitivity problem for controller design is now defined as [16] :
where
, and are suitable weight functions for penalizing the sensitivity function , the input sensitivity function KS and the complementary sensitivity function T, respectively. These weights are selected at the designer's discretion.
Selection of the weight functions are frequency dependent and may be defined suitably to meet the design requirement. Alternatively, the weight functions and may also be chosen from robust stability requirement due to unstructured uncertainties. Employing the small gain criterion on (8) one obtains necessary and sufficient condition for ∞ design [18] . From this viewpoint, it can be shown that the controller designed with the (8) allows the system to withstand unstructured perturbations depending on the choice of the weight functions and . Therefore, the functions and may also be chosen by appropriately modelling the multiplicative and additive plant uncertainties, respectively from a set of uncertain model responses [18] .
Design based on (8) imposes difficulty in the selection of these weight functions [16] . If either of the combinations (i) S and or (ii) and are used for designing such ∞ controllers then the selection of the weight functions becomes easier.
is chosen as a high gain, low-pass filter, whereas the other weight function is chosen as a high-pass filter.
However, defining ∞ performances alone provides maximum gain reduction, but does not address the transient performance issue. For enabling transient performance, one attempts to design a controller that minimizes the weighted RMS gain of , rather than reducing only the peak gain as in the ∞ design. Design consideration of performances on is important for the dynamical power system.
Defining both the ∞ and performance criterion on the three different functions in (8) , one may attain both the disturbance rejection and transient performance with certain trade-off due to multi-objective scenario. Such a problem is called a mixed / ∞ problem. Moreover, defining such a mixed problem overcomes the issue of weight selection as it is often leads to complexities while choosing the weight functions , and for ∞ only design [16] . This mixed / ∞ design objective may be defined as:
where, , 0 are suitable weight parameters and may be chosen by iteration to obtain a good final design.
To this end, the above design criteria do not address the improvement of damping of oscillation modes, which is one of the objectives for damping controller design. Such performances can be considered in terms of placing the closed-loop poles in the left hand side of the complex plane in such a way that a minimum damping can be guaranteed. A graphical representation of such a region is presented in Fig. 3 ; the shaded region is a conic sector based region in which the poles may be placed. The closed loop poles placed in this region guarantees a minimum damping of ζ cos θ as shown in the figure.
The controller in this paper is designed using the performance criterion (9) along with pole placement with damping specification 0.25. The design objective is similar to that used in [11] , however, without the consideration of the real part in the pole placement region for guaranteeing minimum decay rate. In fact, the decay rate can be improved by choosing appropriate bandwidth while selecting . Moreover, constraining the design with many similar criteria may lead to a poor design. Computational tools in MATLAB or several other toolboxes are available to design a controller satisfying (8) . Selection of the weighting functions and damping factor will be further discussed in Section VII.
Wide -Area Control Loop Selection
For wide-area control, it is required to choose the most effective input-output channel for efficient decentralized control as opposed to centralized control considering available inputs and outputs altogether. Several approaches have been developed for this purpose. However, it appears that the approach for computing Loop Selection Index (LSI) based on geometric approach is effective since it is not affected by scaling of the eigenvector, rather it is based on how good a combination of input and output vectors are aligned to the corresponding eigenvectors for a particular mode [19] . This geometric approach based LSI may be computed as follows [19] :
where, is the LSI corresponding to m th input and n th output combination, is the input vector corresponding to m th input and is the output vector corresponding to n th output; and are the left and right eigenvector corresponding to the inter-area mode. For the system under consideration, LSI indices are computed using (10) and are shown in Table 2 . It can be seen from the table that the LSI associated with inputs at Area-1 (either at or ) are higher compared to the inputs at Area-2 (either at or ). This is as expected since area-1 is transporting power to area-2. It may also be noted that employing the WPSS at the generators closer to the tieline ( and ) improves the LSI since they have direct control on the buses closer to the tie-lines compared to the remote generators. On the other hand, the outputs from the generators far from the transmission line ( and ) yield better LSI. However, this may not be the case in general, particularly when control areas consist of more number of generators.
For the present case, the wide-area signal ∆ when used as the input to the supplementary controller at yields the highest LSI. This input-output pair is used in the present work for wide-area control. 
WPSS Configuration and Plant Model Order Reduction
With the above loop selection, the WPSS along with AVR and local PSS have the structure shown in Fig. 3 . The local PSS is used as a supplementary controller to the AVR loop. The WPSS is used as another supplementary feedback loop along with the above arrangement. Using conventional design for designing mixed / ∞ robust controllers for such large order systems yield a controller of the order of plant order plus the order of the weighting functions. Such a large order of controller imposes difficulty in computation, interpreting the control gains and implementation even for the moderate size system considered in this paper. The solution in coping with the above problem lies in reducing the plant model order so that the frequency response in the desired range closely matches with the original one and retains the important oscillatory modes as well. We next use model reduction to obtain a reduced order plant model. Figure 4 . The AVR-PSS structure at Generator 2
The Schur based model reduction technique is generally used for model order reduction in power system. In such model reduction technique, ∞ norm of the error transfer function, i.e., ∞ , where and are full and reduced order model respectively, is minimized. In this study, we obtain the reduced order model using the schurmr function of MATLAB that uses the Schur based model reduction technique [17] . It may be noted that the wide-area input-output pair used in the study does not satisfy controllability and observability of the whole system, specifically of (see Table 1 ) since the mode is a local mode to Area-2. We first obtain a reduced 9 th order model from the full 38 th order model of the plant. It is observed that this 9 th order model retained all the three low frequency oscillatory modes as it is in the full order model. Moreover, for this model, it is found that controllability and observability matrices are rank deficient (rank of 8) since the local mode is present. Next, we obtain the 8 th order model. This model satisfies the controllability and observability criterion but does not retain the mode. The bode plot of the original model and the reduced 8 th order model are shown in Fig. 5 , which shows that the reduced 8 order model almost exactly matches the response of the actual system model in the desired frequency range of 0.1-10 Hz. The transfer function of this model is given in Appendix, which is used to design the WPSS as described in the next section.
Controller Design
The mixed / control design approach is used to design the WPSS controller. It is important to select suitable weight functions for such controller design. Note that, the low frequency oscillations (both inter-area and local) are below 10 rad/s. So, we choose the bandwidth for selecting and as 10 rad/s, but the former one as a low pass filter and the latter as high pass one. The weight on the control gain is chosen as a band-pass filter in the frequency range of interest. The selected weight functions are: 10 10 , 0.1 1 20 , 10 The scalar weights for the relative weights on and ∞ performances as per (9) are chosen as 0.5. Such a choice of and are made to provide equal importance to both the objective function. However, iterations on this choice and corresponding performance evaluation can be made to obtain a suitable controller.
The h2hinfsyn function of Robust Control toolbox (MATLAB) is used to design the controller with the above design choices. The lmireg function is used to specify the LMI region for the damping requirement of 0.25. Considering the weight functions the designed controller is obtained as of 12 th order (i.e., plant order 8 plus total order of weights 4). The controller is further reduced to a 5 th order controller using the same schurmr function. The controller's transfer function is presented in the appendix. 
Wide-Area Closed-Loop Mode Analysis
With the designed controller, we now analyze the closedloop oscillation modes of the system. The modes for different plants and controller configuration are shown in Table 3 . First the modes corresponding to the reduced order plant and the full order controller are presented. Since is not present in the reduced order plant, it is not shown in the table. It may be noted that the damping of the modes satisfies the damping specification for which the controller is designed. However, when the reduced order controller is used on the full order plant, then the damping of the inter-area mode gets slightly reduced, but still the damping is considerably improved compared to the case without WPSS (Table 1 in Section II). Next, consider the modes corresponding to the full order plant and the reduced order controller. It can be seen from Table 3 that the damping of the inter-area mode is almost comparable to the reduced order plant. However, the damping of the local area mode of Area-2, M3) is not much affected as expected. To improve damping of this mode, any of the local PSS in Area-2 may be redesigned. It can be concluded that the designed WPSS effectively improve the damping of the inter-area mode and can be effectively used to improve the damping of the the interarea modes. 
Conclusion
This paper presents WPSS design for improving inter-area oscillations damping in power system. A mixed H /H ∞ based controller along with regional pole placement criterion is designed so that the closed-loop system has good disturbance rejection and transient performance.
However, for designing the controller it is required to obtain a reduced order model of the plant. It is observed that the selection of suitable order for the reduced model is important for such controller design since the wide-area signal chosen does not have full controllability or observability of the overall system due to the fact that limited inputs and outputs are used. However, it may be possible to obtain a reduced order model with full controllability and observability criterion, which is the necessary requirement for the above controller design. The designed controller order is also reduced to obtain a simpler one, however, this reduction appears to affect the closed-loop performance since the reduced order controller does not meet the specified performances for which it is designed. This is because the reduced order model is obtained by model order reduction technique, which is an approximate one of the designed controller. It is observed using modal analysis that the designed WPSS improves the damping of the inter-area mode considerably. Since using such wide-area signals involves some delays which may have detrimental effect of the performance of the controller, this issue will be addressed in the future. 
